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From a s e r i e s  of ell ipsometric measurements it i s  now possible  t o  
obtain uniquely all t h e  o p t i c a l  parameters of t h e  system: absorbing 
subs t r a t e  + non-absorbing surface film. The method u t i l i z e s  the  f a c t  
t h a t  t h e  r e f l e c t i v i t y  of such a system remains e s s e n t i a l l y  const,ant f o r  
a small but f i n i t e  range of surface film thicknesses .  Ftrthermore it 
hinges on t h e  f a c t  t h a t  t h e  ell ipsometric parameters A and I) measured 
on d i f f e r e n t  f i lm thicknesses grown on t h e  same sample, a r e  compatible 
2, k2, and n Measure- w i t h  only one unique choice of the parameters n 
ments on chemically etched samples of s i l i c o n  y i e l d  t h e  values of t h e  
o p t i c a l  parameters as n = 4.052 and k2 = 0.029 i n  agreement with the  
r e s u l t s  of e a r l i e r  workers. The results on t h e  cleaved samples of 
s i l i c o n ,  on t h e  other hand, reveal t h a t  t h e  t r u e  values a r e  n2 = 4.14 






The period covered by t h i s  report  has been extremely f r u i t f u l  and 
productive i n  t h a t  a new and powerful method has been developed by which 
t h e  fundamental o p t i c a l  parameters of any absorbing mater ia l  can now be 
determined by an el l ipsometr ic  technique. 
any assumptions regarding t h e  r e f r ac t ive  index of t h e  contaminating f i lm  
on t h e  material s ince t h i s  value is a l so  one of t h e  f i n a l  r e s u l t s  of t h i s  
method of ana lys i s  of t h e  experimental data .  This new method i s  i n  many 
ways d i f f e ren t  from t h a t  described i n  t h e  last  repor t  and f u r t h e r  can be 
employed successful ly  even with materials which a re  highly absorbing. 
This repor t  descr ibes  t h i s  method i n  d e t a i l  along with some of t h e  r e s u l t s  
obtained on chemically etched as well as cleaved samples of high pu r i ty  
s i l i c o n .  Such measurements are absolutely e s s e n t i a l  before any invest-  
i ga t ions  on t h e  k ine t i c s  of oxidation o r  t h e  e f f ec t  of r ad ia t ion  damage 
on t h e  op t i ca l  parametersof the s i l i con  solar c e l l s  are undertaken. 
It is  not necessary t o  make 
A paper on "The ell ipsometric method f o r  t h e  unique determination 
of a l l  t h e  o p t i c a l  parameters of the  system: i so t rop ic  absorbing sub- 
s t r a t e  + i so t ropic  non absmbing surface film" has been accepted f o r  
presentat ion a t  t h e  conference on "Recent developments i n  Ellipsometry" 
being held a t  Lincoln, Nebraska during August 7-9, 1968. 
The following paper w a s  also published during t h i s  repor t  period: 
"Simultaneous Independent Determination of t h e  r e f r a c t i v e  index and t h e  
thickness  of t h i n  f i lms by Ellipsometry." by K.  Vedam, R .  R a i ,  F. Lukes 
and R .  Srinivasan, Jour. Opt. Soc. h e r .  58, 526-532, 1968. 
2 
The Ellipsometric method fo r  the unique determination of all t h e  
o p t i c a l  parameters of t h e  system: I so t ropic  absorbing subs t r a t e  -t 
i so t rop ic  non absorbing surface film. 
I. Introduction 
It i s  wel l  known t h a t  t h e  ell ipsometric method which i s  most of ten  
used f o r  t h e  determination of t h e  index of r e f r ac t ion  n ' a n d  t h e  thickness  
d of a nonabsorbing f i l m  on an absorbing subs t ra te  ( see  e.g. [ l ] ,  [ 2 ] )  
can be used only i n  the  case when t h e  t r u e  values of t h e  complex r e f r a c t i v e  
1 '  
1 
index n + i  k of t h e  subs t r a t e  are known prec ise ly .  Conversely it has 
also been shown by many authors ,  (e.g.  Archer [I] , Burge and Bennett [ 31 
2 2 
e t c . )  t h a t  t h e  o p t i c a l  constants o f  t h e  subs t ra te  can be determined only 
if t h e  values of n and d 
of t h e  f i lm may be as small as 10 - 50 8. 
s t r a t e  t h i s  f a c t  i n  d e t a i l  f o r  the spec ia l  case of s i l i c o n .  
and $, t h e  e l l i p t i c i t y  parameters determined experimentally depend on all 
of t h e  f i lm  are known, even though t h e  thickness  1 1 
Burge and Bennett [3] demon- 
Since A 
t h e  values of nl, dl, n2, and k2, which character ize  t h e  system: absorbing 
subs t r a t e  + nonabsorbing f i lm,  we have t o  know at l e a s t  two of these  para- 
meters when w e  w i s h  t o  use the  standard el l ipsometr ic  method f o r  the 
determination df t h e  other  two parameters. 
A s  i s  well  known the re  i s  a ce r t a in  surface f i lm on all surfaces  ex- 
posed t o  t h e  normal atmosphere. The d i r e c t  determination of t h e  o p t i c a l  
constants  of the  subs t r a t e  from the measured values A and $ without any 
assumption about t h e  nature of the surface film, has i n  t h e  pas t  been 
3 
r a t h e r  unsuccessful. 
correct ions and extrapolations t o  the measured values t o  y i e l d  t h e  o p t i c a l  
constants of t h e  substrate (See Archer [ 4 ]  f o r  Ge, Zaininger and Revesz [ 5 ]  
f o r  Ga,As), but t h e  problem i s  very complicated and i n  each case we have 
t o  know at least one of t h e  opt ical  constants of t h e  subs t ra te  r a t h e r  
prec ise ly  from another type of measurement. Further the  r e f r a c t i v e  index 
of t h e  surface f i l m  n had t o  be assumed. But t h e  value of nl i s  usual ly  
e i t h e r  not known precisely or t h e  v a l i d i t y  of using t h e  r e f r a c t i v e  index 
of t he  bulk material f o r  t h i n  films i s  questionable. For example, i n  t h e  
case of germanium t h e  r e f r a c t i v e  index of t h e  surface film was assumed[4] 
t o  have a value 1.9+0.2,  thus introducing a f a i r l y  l a r g e  margin of e r r o r .  
Even i n  t h e  case of s i l i c o n  where t h e  r e f r a c t i v e  index of t h e  s i l i c o n  
dioxide f i lm i s  qui te  accurately known, t h e  recent measurements of Vedam 
e t  alJ6] on very t h i n  fi lms of Si0 on s i l i c o n  yielded values qui te  d i f -  
Hence a t t e m p t s  were usual ly  made t o  apply s u i t a b l e  
1 
2 -
fe ren t  from t h a t  of the  v i t reous  s i l i c a ,  1.460. 
The problem of t h e  measurement of t h e  o p t i c a l  constants  o f . t h e  homo- 
gerleous s o l i d s  can be solved by measurements on clean surfaces i n  ultra- 
high cacuuu of t h e  order 1 0  mm H g .  I n  t h i s  case it i s  possible  t o  
preserve t h e  clean surface obtained e i t h e r  by cleaving or s p e c i a l t r e a t -  
ment f o r  several  hours without essent ia l  contaminatiod [ 2 ] .  This method 
is  far from being used i n  pract ice ,  s ince there  are other d i f f i c u l t i e s  
which complicate the measui-ement such as t h e  problem of cleavage of t h e  
sample i n  a vacuum or t h e  treatment of t h e  surface leading t o  t h e  removal 
of t h e  surface f i lm or damaged surface layer. 
i s  t h e  presence of t h e  g l a s s  or s i l i c a  windows i n  t h e  high-vacuum system 
and t h e i r  unavoidable s t r a i n  birefringence i n  t h e  o p t i c a l  path. 
-10 
Another major d i f f i c u l t y  
4 
I n  t h i s  a r t i c l e  we shall describe an e l l ipsometr ic  method which may 
be used f o r  t h e  unique determination of a l l  t h e  four  parameters charac- 
t e r i z i n g  t h e  above mentioned system without making any assumptions about 
t h e  nature of t h e  subs t r a t e  or the f i lm.  
can handle t h e  el l ipsometr ic  equations i n  t he i r  exact form, recourse t o  
various approximate l i n e a r  r e l a t ions  w a s  not required,  and all the cal- 
culat ions and computations described below were ca r r i ed  out using t h e  
exact e l l ipsometr ic  equations. 
Since t h e  present day computers 
11. Description of t he  method 
Let us consider the following system: an idea l ly  per fec t  homo- 
2 geneous and op t i ca l ly  i so t rop ic  substrate  w i t h  t h e  o p t i c a l  constants n 
and k2 and a homogeneous, op t ica l ly  i so t rop ic  nonabsorbing f i lm on t h e  
substr.ate with an index of re f rac t ion  n 
aries,  i . e .  t ha t  between t h e  ambient ( w i t h  index of r e f r a c t i o n n  ) and the  
f i lm ,  as wel l  as t h a t  between t h e  film and t h e  subs t ra te  a r e  assumed t o  
be f l a t ,  and t h e  film thickness i s  assumed t o  be constant.  Any departure 
from t h e  above spec i f ica t ion  of the system, f o r  example absorption i n  t h e  
f i lm ,  anisotropic  op t i ca l  constants of t h e  subs t r a t e ,  o r  an inhomogeneous 
f i l m  e t c . ,  would bring addi t ional  o p t i c a l  parameters i n t o  consideration 
and t h e  problem cannot be solved i n  t h e  way described i n  t h i s  a r t i c l e .  
thickness  d 1' 1' Both t h e  bound- 
0 
It may be remarked t h a t  t h e  ellipsomekyic parameters A and J, depend 
on t h e  values of n , k2, nl, d and a l s o  on t h e  angle of incidence 0, 
2 
t h e  wavelenqh X and on the i n i t i a l  s t a t e  of t he  polar iza t ion  of t h e  inci-  
dent l i g h t .  We shall not repeat  here  a l l  the equations character iz ing 
the  given case s ince they a re  well known and may be found e.g. i n  [71. 
5 
The procedure used f o r  the unique determination of n2, s, nl and 
dl i s  a s  follows: 
(i). We measure A and 4 f o r  the r e a l  surface (genera l ly  the  subs t ra te  
with a surface f i l m )  a t  some convenient angle of incidence $, 
such t h a t  the  accuracy of measurement i s  high f o r  both A and 4. 
Angle of incidence of 70" i s  usual ly  found t o  be s a t i s f a c t o r y  
f o r  most substances,  
( i i )  . W e  use t h e  measured values A and $ f o r  t he  evaluation of the  
pseudo-optical constants n2, $ by means of the  equations va l id  
f o r  c lean surfaces ,  i . e . ,  
2 2 2 
( 1) 
2 cos 2$ - s i n  23r s i n  A -2 - I$ =q>in 2 # +))>in 2 t a n  # 
n2 (1 + sin2+  cos^>^ 
' 2  2 sin 4$ s i d  
2 
2ii2E2 = ' s i n  @ t an  # 
(1 + sin24 COSA) 
E,, E2 would be iden t i ca l  with t h e  t r u e  o p t i c a l  constants  of the  
substrate under consideration only. i n  the  case t h a t  A and 4 cor- 
respond t o  measurements made on a t r u l y  clean surface.  
Then we ca lcu la te  t h e  r e f l e c t i v i t y  R from %, E2 f o r  a l l  angles 
of incidence #, with the he lp  of the  r e l a t i o n ,  
(iii). 
(ii2 - no) 2 + E:
R =  
(ii2 + nol2 + E: 
( 3 )  
A s  Burge and Bennett 131 have shown, the va.lue of fi2 and rt, and 
hence R derived from t h e i r  values do not depend on t h e  a.ngle of 
incidence #, Hence one can carry out the  measurement of A and $ 
for  a number of angles of incidence and evaluate the  value of R 
6 
therefrom, i n  order t o  obtain a more r e l i a b l e  value of R .  
However t h i s  may not be f eas ib l e  i n  every case.  
a s  w i l l  be shown i n  (v)  below, i n  the  case of f r e sh ly  cleaved 
samples where the  f i lm  thickness w i l l  be varying rapidly,  t h i s  
i s  impract ical .  
The very important feature of the next s t e p  i s  t h a t  t he  re f lec-  
t i v i t y  calculated by means of E q .  3 i s  very close t o  the  re- 
f l e c t i v i t y  of the clean surface even though t h e  surface i s  
covered with a f i lm  of appreciable thickness  a s  shown i n  
Table I f o r  s i l i c o n .  Table I i l l u s t r a t e s  t h i s  very slow vari-  
a t i o n  i n  R with increasing dl. 
metric measurement on a s i l i c o n  subs t ra te  covered by a surface 
f i lm  of SiOe anywhere up t o  2 0 d  t h i c k  y ie ld  a r e f l e c t i v i t y  which 
i s  the  same a s  t h a t  of a clean surface t o  within +O.l%. 
For example 
( i v )  . 
Thus it i s  seen t h a t  an e l l ipso-  
It should be noted, however, t ha t  even though t h e  r e f l e c t i v i t y  R remains 
f a i r l y  constant the  measured values of A and $ would show considerable 
var ia t fon  with increasing values of dl o r  6. 
t he  f i lm  thickness i s  neglected, the computed values of z2 and E2 from such 
measured values of A and $ would be disproport ional ly  i n  e r r o r ,  though the  
computed values of R from such values of n2 and 6 s t i l l  correspond t o  t h e  
t r u e  value.  This i s  i l l u s t r a t e d  i n  F ig .  1. 
In  f a c t  i f  the influence of 
2 
It i s  possible  t o  prove generally t h a t  with increasing index of absorption 
5’ or  r a the r  with an increasing r a t i o  k2/n2 the  above l i m i t s  o f  the  f i l m  
thickness d decreases considerably e .g .  ( d  4 50A f o r  an oxide f i lm  on 
GaAs and 
statement may be used only fo r  materials with a low index of absorption. 
Since it i s  r a the r  w e l l  known t h a t  t he  t y p i c a l  thickness f o r  surface f i lms 
0 
1 1- 
1% f o r  a Ge02 f i l m  on Ge). 
0 
I n  other  words, the above mentioned 
Table I 
Calculated values of A and JI for various thicknesses of f i lm of ref'rac- 
tive index 1.460 on a substrate of refractive index n = 4.050 and k2 = 
0,028. canputed fram these A ang J)  are also given The value c, E and 
























































































































































on f r e s h l y  cleaved o r  f r e sh ly  etched semiconductors i s  about 20-5OA1, we 
expect t h a t  t h i s  assumption can be used f o r  many semiconductors i n  a 
suita.ble spec t r a l  region. 
(v) .  S t a r t i ng  from as  clean a surface a s  possible,  t he  determination 
of R with increa.sing film thickness up t o  a. ma.ximum of about 
lOOA should be car r ied  out.  For ma.teria1s with f a i r l y  l o w  
0 
va.lues of t he  absorption coe f f i c i en t  % ( l i k e  s i l i c o n ) ,  t he  
value of R so  determined f o r  a number of thicknesses w i l l  
e ssen t ia . l ly  be constant.  On t h e  other  hand f o r  materia.ls with 
la.rge values of k, R w i l l  show a s l i g h t  tendency t o  decrea.se 
i e i t i a . l l y  and then increase with dl. 
t h a t  the  va r i a t ion  of R with 6 (o r  dl) a t  t h e  e a r l y  s tages  i s  
r a the r  s l i g h t  (&1% even f o r  d l N I O O A  on a f a i r l y  highly ab- 
sorbing mater ia l  l i k e  Ge). Thus from a p lo t  of these values 
However, it may be noted 
0 
with dl, by extrapolating a,symptotically t o  zero f i l m  thickness,  
it i s  possible t o  a r r ive  a t  a value of i? represent ing t h e  t r u e  
value of  the r e f l e c t i v i t y  of t he  fi lm-free subs t ra te .  It i s  
-
estimated t h a t  t h e  error i n  the va.lue of R thus determined w i l l  
not exceed 0.1% i n  ma. te r ia1s  with low absorption coef f ic ien t  l i k e  
s i l i c o n  and w i l l  be be t te r  than 1% i n  mater ia l s  with l a rge r  ab- 
sorpt ion coe f f i c i en t .  
It may be pointed out,  t h a t  fo r  t h i s  ex t rapola t ion  procedure it i s  
necessary t o  know only approximate values of dl. 
out t h e  measurements on A and $ and thus R ,  a s  soon a s  a sample i s  e i t h e r  
cleaved or f r e sh ly  polished and etched - and follow t h e  va r i a t ion  of R with 
increasing time. 
heated i n  a i r  a t  moderate temperatures f o r  varying periods of time. 
For example one can car ry  
If necessary t h e  measurements can be extended t o  samples 
10 
( v i ) .  From t h i s  value of the  t rue  r e f l e c t i v i t y  R, t he  various possible 
combinations of Che values of ( n i ,  k;) a r e  then evaluated with 
the  help of t he  r e l a t ion  
The r e s u l t s  of these calculat ions a r e  shown by t h e  so l id  l i n e  i n  
Fig.  2 .  It i s  easy t o  see from the fac ts  mentioned above t h a t  
the  t r u e  values of t h e  op t i ca l  constants n2 and k2 must l i e  on 
the curve given i n  F ig .  2 .  On the  same f igure  a r e  shown two 
other  curves corresponding t o  the  r e f l e c t i v i t y  values fi + & 
and fi - &, where & = O.OQ1 t o  demonstrate t h e  influence of 
e r r o r  i n  the mea.surement on the  o p t i c a l  consta.nts. 
( v i i ) .  A t  t h i s  sta.ge it may be pointed out t h a t  i f  e i t h e r  of t he  pa.rameters 
9 or  k2 ca.n be determined from an independent experiment ( a s  f o r  
example 5 from a.bsorption measurements) then t h e  other parameter 
can be evalua.ted from E w i t h  t h e  help of Equa,tion (4 ) .  If such a. 
procedure i s  not feas ib le ,  then the  e l l ipsometr ic  method de- 
scribed below can be followed. 
(v i i i ) .  Now we may ca lcu la te  the values of A and a s  functions of 6 
2 2 2 1/2 
(6 = 2rnld,/k)(n, - no s i n  $1 ) f o r  s eve ra l  s e t s  of the  o p t i c a l  
constants n;, k; chosen from the  curve i n  Fig.  2 i n  the  region of 
t he  expected t r u e  values of n2, %. 
performed f o r  s eve ra l  d i f f e ren t  values of the index of r e f r ac t ion  
of t he  film. 
The calculat ions a r e  also 
0 v 
12 
( i x ) .  It i s  possible t o  show that  i f  t h e  angle of incidence $ i s  f ixed,  
the  observed values of A and 4 on a number of samples with 
d i f f e ren t  film thicknesses ( o r  ) can correspond t o  only one 
possible combination of n2, k2 and nl. 
values of n1 evaluated (as shown below) from measurements on 
d i f f e ren t  film thicknesses on the same subs t ra te ,  a r e  p lo t ted  
a s  a. funct ion of n2 (and hence % as  wel l ) ,  s ince it i s  f ixed 
mutually rela. ted t o  a by Eqn. ( 5 )  f o r  which t h e  calculated values 
of A and 9 correspond t o  t he  experimentally observed values,  then 
a l l  t he  curves should cross a t  one point which defines %, '52 and 
n1 -as i l l u s t r a t e d  i n  Fig. 3 .  
k2, nl and # were i n i t i a l l y  assumed a s  4.0517, 0.028, 1.460 and 
70" respec t ive ly .  This choice of the values of n2 and 5 auto- 
mat ical ly  f ixes  the  value of a s  36.495%. Using these parameters 
I n  other  words i f  t h e  
I n  t h i s  case the  values of n2, 
t h e  values of A and 4 were then computed f o r  severa.1 d i f f e r e n t  
values of 6(6,, 6*, . . .) and these  s e t s  of values of A and 4 
were now t r ea t ed  as  experimentally observed values [A 
['obs' obs 
introduced by the  experimental e r ro r s  a r e  avoided and thus we can 
obs "obs 161 
4 16 . . . By such a procedure the  possible complica,tions 
consider t h i s  a s  a.n example under idea, l  conditions t o  test  our 
method . 
Even a t  the  cos t  of s l i g h t  redundency it w i l l  be worthwhile t o  mention 
i n  bkief t he  e s s e n t i a l  s teps  adopted t o  a.rrive a t  Fig.  3 from these sets of 

14 
We determine various possible s e t s  of (n2, k2) t o  correspond 
t o  the  fixed value of R. 
We then choose a range of reasonable values of nl, 
We compute the values of A and $ f o r  each of the  sets (n2, $) 
f o r  a l l  t he  values of nl chosen and 6 i n  t he  range 0 t o  180". 
We compare these calculated values of A and 4 with [Aobs,40bs]~ . 
A reasonable match w i l l  be obtained f o r  only one value of n1 
f o r  each s e t  of (n2, k2), 
We p l o t  the  values of n so  obtained against  t he  corresponding 1 
values of % ( o r  Q) . 
We repeat t he  above steps f o r  each of t he  s e t s  of data  
1 [Aobs' obs 6 
and (n2, 5) corresponding t o  each of  t he  i n i t i a l l y  assumed 
values of 6 .  
Since the value of t h e  r e f r ac t ive  index nl i s  an i n t r i n s i c  
property of the  film, it should not be a function of 6 or the 
film thickness,  provided t h e  f i l m  i s  not too t h i n  [ 6 ]  ( i . e . ,  
say l e s s  than about 300A). Hence a l l  t he  curves obtained i n  
( f )  above, should cross a t  one point corresponding t o  t h e  t r u e  
value of the  r e f r ac t ive  index of the  f i l m .  A t  the  same time 
t h e  t r u e  values of t h e  opt ica l  parameters of t he  subs t ra te  a r e  
a l s o  obtained from th is  crossing point i n  the  f igu re .  
4 1 ,..., t o  yield a number of curves r e l a t i n g  n 
Here it may be worthwhile t o  mention t h a t  the  s teps  (c )  and ( d )  men- 
t ioned above can be considerably simplified by a su i t ab le  programming of 
a d i g i t a l  computer, such t h a t  t h e  computer p r i n t s  out only those computed 
values  of (A and $) which a r e  within some narrow l i m i t s  of Aobs and JIobs . 
15  
Such a procedure would obviate t h e  necess i ty  of scanning through voluminous 
computer p r i n t  ou t .  
in te rpola te  i n  between t h e  two calculated values of (A,$) which l i e  on 
e i t h e r  s ide  of (A,$)obs., t o  y ie ld  the  f i n a l  appropriate  value of nl cor- 
responding t o  each (n2, $) s e t .  Such programs have been wr i t t en  and are 
included i n  t h i s  repor t  a s  an appendix. 
Further t h e  computer can a l s o  be used t o  automatically 
The method described above can be applied equal ly  w e l l  t o  mater ia ls  
which a r e  highly absorbing. 
respec t ive ly  the  cases of G a s ,  Ge and Tungsten under ideal  circumstances. 
I n  these ca.ses t h e  assumed values o f  n2 and % f o r 3 5 4 6 G  were, 
GaAs: 
n = 1.90 and Tungsten: n = 3.46, k = 3.25, n1 = 2.50. It i s  seen 
t h a t  i n  a l l  cases t h e  f i n a l  values obtained a r e  i n  exce l len t  agreement with 
For example F igs ,  4,  5 ,  and 6 represent  
n2 - 3.923 and 5 = 0.304, n1 = 1.93; Ge: n2 = 5.30, % = 1.983, 
1 2 2 
the  assumed values .  
111. Opt ica l  Constants of S i l i con  
( a )  Chemically etched samples 
The method described above i n  t he  previous sec t ion  i n  a general  form 
f o r  the i d e a l  case w i l l  now be used f o r  the chara ,c ter izat ion of real  systems. 
Single  c r y s t a l  of s i l i c o n  covered with an oxide layer  i s  an obvious f i r s t  
choice for such a study, s ince the optica.1 parame-bers of t h i s  system a r e  
known with reasonable accuracy. However a reference t o  t h e  l i t e r a t u r e  re- 
vea l s  t h a t  a.11 such previous determinations of t h e  o p t i c a l  parameters of 
s i l i c o n  were car r ied  out on samples which were mechanica.lly polished and 
later chemically etched. 
such chemically etched samples are not qu i te  homogeneous [8] , it was f e l t  
Even though it i s  we l l  known t h a t  the  film on 
des i r ab le  t o  ca r ry  out t he  i n i t i a l  s tud ies  on such chemically etched samples 































I n  r e a l  systems t h e  departwre from t h e  i d e a l  s i t u a t i o n  discussed i n  
the  previous sec t ion  a r i s e s  mainly from two causes: 
inhomogeneity of the film and the  qua l i ty  of perfect ion of the  subs t ra te  
and film surfaces  and (ii) the  influence of the  experimental e r r o r s  i n  
t he  measurement of A and 9. 
be minimized by carrying out measurements on a large number of samples, t h e  
l a t t e r  poses a more fundamental problem End w i l l  b e  discussed i n  some d e t a i l  
i n  a l a t e r  sec t ion .  Broadly speaking the  inf luence of these parameters 
would be t o  inf;roduce a degree of uncertainty i n  t h e  point of i n t e r sec t ion  
of a l l  t he  curves of Fig.  3 .  I n  other words t h e  points  of i n t e r sec t ion  of 
the  curves instead of occurring a t  one wel l  defined spec i f i c  point cor- 
responding t o  a pa r t i cu la r  combination of t he  parameters nl, %, and k*, 
w i l l  be d i s t r ibu ted  over a region in t h e  nl, n2 (k2) f i e l d .  
exac t ly  what i s  noticed i n  the  case of etched samples of s i l i c o n ,  a s  shown 
i n  F ig .  7 .  
namely (i) the  
While e f f e c t  of the  former can t o  some extent  
This i s  
The experimental arrangement and the  method of t h e  measurement we used 
were the  same a s  t h a t  described i n  our previous paper [6],, 
both the  e l l ipsometr ic  parameters A and q f o r  both or ien ta t ions  of t he  X/4 
p la t e  and f o r  a l l  possible combinations of the polar izer  and t h e  analyzer,  
which means t h a t  each A and 4 value i s  the  average of 16 measurements. 
t he  measurements were car r ied  out with Hg green rad ia t ion  X = 546U. 
Weinhave measured 
A l l  
0 
The samples used were cut f rom a s ingle  c r y s t a l ,  mechanically polished 
and then etched i n  a mixture of n i t r i c  ac id ,  hydrofluoric acid and a c e t i c  
ac id  mixed i n  t h e  r a t i o  4:5:6, washed thoroughly successively i n  d i s t i l l e d  
water,  acetone and e the r .  When necessary the  samples were heated i n  a i r  a t  
950°C f o r  varying lengths of time as required.  
20 
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The value of 
on f i v e  d i f f e r e n t  
the  r e f l e c t i v i t y  E evaluated by the  method described above 
samples was found t o  be 36.4g5%. Using t h i s  value of R, 
the  curves shown i n  Fig.  7 were obtained by t h e  computational procedure de- 
scribed above. 
obtained on samples which were f resh ly  prepared and aged i n  a i r ,  the  data. 
f o r  Fig.  7 were obtained on the same samples a f t e r  various heating treatments.  
I n  Fig.  7, it i s  seen t h a t  all t he  curves a r e  terminated a . t  t h e  value 
Here it may be mentioned t h a t  while the  value of R was 
of n2 a t  4.0519. 
which gives t h e  various possible values of n2 and % when the  r e f l e c t i v i t y  
The reason f o r  t h i s  w i l l  become obvious fran Table I1 
E i s  fixed on 36.49 f, . 
imply an imaginary value 
It i s  seen t h a t  t he  
5 Any fur ther  increase of n2 beyond 4.0519 would 
f o r  5. 
mean va.lue of t he  d i f f e r e n t  in te rsec t ions  occur 
a t  n2 = 4.051 and nl = 1.461. Since the  value of r e f l e c t i v i t y  i s  taken 
as 36.49 % f o r  these samples, t h e  above value of n2 automatically f i x e s  the  
value of k2 a s  0.029. 
values n2 = 4 .O5O and k2 = 0.028 as determined by Archer [l] on chemically 
etched samples with the  assumption t h a t  nl = 1.460. 
7 
5 
These values compare very w e l l  with t h e  accepted 
Thus it may be concluded t h a t  t h e  method described above can be used 
successful ly  t o  determine t h e  values of nl and n2 (and thus % as w e l l )  
i . e . ,  t he  r e f r ac t ive  index of t h e  f i lm a s  wel l  a s  t h e  op t i ca l  constants 
of t he  op t i ca l ly  absorbing substrate .  
(b)  Cleaved s i l i c o n  samples 
A s  Fainshtein and F i s t u l  [ 81 have experimentally demonstrated, a 
considerable port ion of the  etchant i s  usua l ly  trapped i n  t h e  oxide f i l m  
which i s  invariably present on an etched surface.  I n  other  words an 
etched surface i s  not i n  general  uniquely character ized s ince i t s  s t ruc tu re  
TABLE I1 
Si l icon:  Chemically Polished Sample 
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0.288 
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and hence i t s  proper t ies  depend on i t s  preperat ive h i s to ry  191 . 
other  ha.nd a c r y s t a l  cleaved a.nd a.ged i n  a i r  does not s u f f e r  from t h i s  
disadva,ntage and measurements on such surfa,ces would be t r u l y  representat ive 
On the  
of t h e  i n t r i n s i c  mater ia l .  Hence we have car r ied  out e l l ipsometr ic  measure- 
ments on samples of s i l i c o n  cleaved and aged i n  a i r ,  analyzed t h e  data along 
the  l i n e s  described above and determined t h e  o p t i c a l  parameters of s i l i c o n  
and t h e  contaminating film on i t s  surfaces .  These r e s u l t s  a r e  given below. 
The experimental specimens were cleaved from low dis loca t ion  densi ty  
s i l i c o n  ingots grown by the Czochralski method. 
wi th  r e s i s t i v i t i e s  ranging from 25 t o  200 S2 -cm . 
and shaping the  specimens i n  t h e  form of an L and cleaving by the  method 
A l l  t he  specimens were N-type 
By su i t ab ly  or ien t ing  
described by Gobeli and Allen [lo], we could ge t  cleavage-tear-line f r ee ,  
near ly  o p t i c a l l y  f l a t  regions of about 3-4 mm area on which the  el l ipsometr ic  
measurements could be car r ied  out  qui te  e a s i l y .  
2 
A s  soon a s  each of these specimens were cleaved, it was quicltly 
centered and aligned on the  ellipsomet.er and then measurements of the  
e l l ipsometr ic  parameters A and 4 were begun. The time a f t e r  cleavage before 
the  f i r s t  measurements was made, was general ly  not more than 3 t o  5 minutes. 
The va r i a t ions  i n  A and $ were followed continuously a t  room temperature 
f o r  a period of about 2 days. 
t r u e  r e f l e c t i v i t y  E a s  37.3%. 
Such measurements yielded the  value of the 
Then t h e  specimen was slowly heated t o  
W0"C i n  a furnace, kept a t  t h i s  temperature f o r  a few minutes such t h a t  
t h e  f i lm  grew t o  a thickness of about 400A, and then it was cooled slowly 
0 
t o  room temperature. Then the  new values of A and $ were determined before 
re turn ing  t h e  sample t o  the  furnace i n  order t o  increase the  f i l m  thickness 
and repeat  t he  process. In  t h i s  way a set of (Ai, $i)i = 5-10 values were 
24 
obtained on each specimen. 
e a r l i e r ,  the  data  necessary f o r  t h e  curves s imi la r  t o  Figs .  3-7 could be 
obtained. 
Following the  computational procedure described 
However a t  t h i s  s tage it w i l l  be use fu l  t o  consider i n  some d e t a i l  
t he  e f f e c t s  of the  experimental errors  i n  the  measurement of  A and and 
how t h i s  can be minimized. Since the  value of E i s  determined from t he  
measurement on A and $, any e r ro r s  i n  the  l a t t e r  w i l l  be r e f l ec t ed  i n  E 
a s  wel l ,  and s ince fur ther  computations a re  a l l  based on the unique value 
of R ,  any e r r o r  i n  R can influence t h e  graphical  so lu t ion  method described 
above t o  be impract ical .  I n  order t o  f ind  out t h e  degree of influence or 
t he  s e n s i t i v i t y  of an e r ro r  i n  R on t h i s  method of so lu t ion  as wel l  as on 
the  f i n a l  o p t i c a l  parameters, recourse was taken t o  the i d e a l  s i t u a t i o n  
described i n  Fig.  3. It may be recalled i n  t h i s  case was found t o  be 
36.495%. 
putat ions were performed with f? as  36.395%, 36.495%, and 36.595% using t h e  
Assuming a reasonable value of the  e r r o r  as + O . l % ,  s imi la r  com- 
same input "experimental" data [ A ~ ~ ~ ~  +obsI 6 bobs,$ obs Ih2.. . as 
1 
described i n  sec t ion  I1 ( ix )  above. 
values of E, a r e  then p lo t ted  on the same graph a s  i n  Fig.  8. 
possible  i n  the  case of s i l i con  since 5 W O  and hence for  each value of R, 
% can have values only up t o  a cer ta in  maximum a s  explained e a r l i e r .  When 
the  value of i s  increased s l igh t ly ,  the  maximum value of n2 i s  a l s o  
correspondingly increased and thus w e  can draw the  curves f o r  R-AR, R, and 
The data  obtained on a l l  these th ree  
This i s  
R + L1R on t h e  same f igu re  without much overlap. 
From Fig.  8, it is seen t h e  curves meet a t  one unique point only for 
R = 36.495% and t h a t  t h e  curves in te rsec t  one another over a f i n i t e  region 
f o r  both R-aR and R + AR. However i f  one were t o  follow the  trend of t he  
25 
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l i n e s  joining t h e  various in te rsec t ion  points  between similar curves but 
wi th  d i f f e r e n t  l i s  ( t h i n  s t r a i g h t  l ines  i n  Fig.  8), it i s  seen t h a t  they 
converge t o  a point a t  t he  t r u e  v a h e  of R and a t  the  proper combination 
of n2 (k2) and nl. O f  course t h i s  convergence t o  a point  would occur only 
i n  t h e  i d e a l  case.  I n  an a c t u a l  experimental case,  however, t h e  l i n e s  
would converge t o  a minimum separation a t  t h e  t r u e  value of E, as shown 
i n  F ig .  9 f o r  a t y p i c a l  case of cleaved s i l i c o n  sample. 
I n  t h e  case of cleaved s i l i c o n  samples the  value of fi was found t o  be 
37.30 0.1% by the method described i n  sec t ion  I1 ( v ) .  It i s  seen t h a t  
t h i s  value i s  considerably d i f f e ren t  from 36.495% obtained i n  the case of 
chemically polished samples. B y  extrapolat ing from Fig.  9,  the  f i n a l  value 
of a was taken as 37.33%. 
an easy matter t o  recompute the data f o r  t he  f i n a l  p lo t  between 9 (%) and 
nl as shown i n  Fig.  10 t o  y ie ld  the  t r u e  o p t i c a l  parameters of s i l i c o n  and 
t h e  film as n2 = 4.141, $ = 0.024 and nl = 1.468. 
Having thus obtaired the  f i n a l  value of it i s  
Similar  measurements and computations have been performed on two 
o ther  specimens a t  t h e  present stage and t h e  f i n a l  data  a r e  assembled i n  
Table 111. It i s  seen t h a t  the  value of t h e  o p t i c a l  parameters of s i l i c o n  
TABLE I11 
i o  



























(Cleoved sample 1 
nI = I .471- 
I4 1 
I I 
4. I38 4.140 4.142 
n2 
Fig. 1 0  
values of film thickness  6 i n  t he  case of cleaved 
Si l icon  (experimental). The ca lcu la t ion  was performed 
f o r  t h a t  value of R which w a s  determined by t h e  in t e r -  
sect ions of Fig. 9.  
Calculated values of nl vs. n2 f o r  various 
29 
i s  qui te  d i f f e r e n t  from t h e  of ten  quoted values n2 = 4.050 and % = 0.028. 
A s  mentioned e a r l i e r  these values correspond t o  the  chemically polished 
specimens and hence cannot be t reated as representing t h e  true values of 
the  pure mater ia l .  
The data of  the  etched samples were a l s o  subjected t o  recomputation 
t o  take i n t o  account the  possible e r ro r  i n  a s  described above, t he  f i n a l  
r e s u l t  being fo r  t he  chemically etched samples n2 = 4.0G5 and 5 = 0.0Z8, 
which a r e  e s s e n t i a l l y  the  same as obtained by other workers. 
Here it i s  relevant  t o  point  out t h a t ,  even though the  real  pa r t  of 
the  r e f r a c t i v e  index n2 of s i l i c o n  can be determined with grea t  precis ion,  
the corresponding r e s u l t s  on t h e  imaginary pa r t  of t h e  r e f r ac t ive  index % 
i s  far from sa t i s f ac to ry .  
t he  value n2 i s  a l t e r ed  from 4.051Q t o  4.0518 then the  value of k2 must 
a l s o  be a l t e r e d  from 0.029 t o  0.022 i n  order t o  s a t i s f y  t h e  c r i t e r i o n  of 
constancy of t h e  r e f l e c t i v i t y  E. 
For example i t  i s  seen from Table 11, t h a t  i f  
I n  other  words i n  a;,weakly absorbing 
mater ia l  l i k e  s i l i c o n  it i s  advisable t o  use the  new method f o r  determining 
only the  value ofn2 ,and  t o  determine the  value of k2 it i s  b e t t e r  t o  
employ the  wel l  known o p t i c a l  absorption technique [11,12] . 
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a p a r t  time technician,  i n  place of Ivlr. Dennis Williams who has l e f t  
f o r  other  occupation. 
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